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ABSTRACT

A microprocessor-controlled-circuit applies pulses to a
standing motor whose rotor position 1s to be determined. The
time required for the injected current to reach a predeter-
mined threshold in a comparator 1s measured. The pulses are
long enough to effectuate an accurate measurement, but not
so long that the rotor moves. The pulse 1s applied twice to
cach phase, once with a positive polarity and once with a
negative polarity, for a total of six measurements. The
positive and negative rise times are subtracted from each
other to determine whether the positive or negative current
risc time was greater. Based upon the differences in the
readings for all of the phases, the position of the rotor is

known. There are differences in which the di

™

‘erence 18 zZero

or negligible. There are at least two methods to determine

rotor position when there are ambiguities 1n the sign of the
difference. In one method, the combination of the sign of the
ference or 1ts absence plus the magnitude of the

rise time di

rise time can be used along with look-up tables to determine
the rotor position. Another method 1s to resolve a position
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uncertainty by changing the ef

‘ective rotor position. This 1s

done by pulsing all three phases actively. Instead of leaving
a phase open during pulsing, the third phase is tied high or
1s tied low. Once start-up ambiguities are resolved, control
of acceleration from stand-still through medium speed to
constant, nominal speed 1s provided.
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FIG. 7
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FIG. 9
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FIG. 11

Phase A-B Forward/Reverse Current Direction
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DETECTION OF STARTING MOTOR
POSITION IN A BRUSHLESS DC MOTOR

CROSS-REFERENCES TO RELATED
APPLICATTONS

Applicant hereby makes reference to patent application
Ser. No. 414,289, filed Mar. 31, 1995, now U.S. Pat. No.
5,569,990, 1ssued Oct. 29, 1996 for “Detection of Starting
Motor Position In A Brushless DC Motor.”

TECHNICAL FIELD

The present 1nvention relates to starting and controlling,
brushless DC motors. More particularly, this invention
relates to measuring and resolving ambiguities in the starting
rotor position of brushless DC motors without using Hall-
clfect sensors or the like, then starting and accelerating such
a motor from stand-still through medium speed to a desired
speed.

BACKGROUND ART

In electronically commutated DC motors, it 1s necessary
to determine the rotor position 1n order to insure a correct
commutation. This 1s particularly difficult when the motor 1s
at rest because there 1s no motion-induced back emf
(electromotive force) to provide an indication of the com-
mutation points. Without such information, such a motor at
rest may start up in the reverse direction. In certain appli-
cations of this type of motor, starting in the reverse direction
can be very undesirable. One example of such an application
1s use of the motor as a spindle drive motor 1n a hard disk
drive. It will be understood, however, that this type of motor
1s not limited to use 1n a hard disk drive.

Heretofore, many techniques have been used to determine
the starting rotor position of brushless DC motors. For
example, U.S. Pat. No. 3,909,688 to Blaschke et al., dis-
closes that before starting a motor, a voltage step 1s applied
to the excitation winding of the motor with the stator
windings turned off. The voltage step 1s also applied to a
simulation circuit that simulates the motor. A signal repre-
senting an assumed rotor angle stored in a counter 1s also
applied to the stmulation circuit. A measurement 1s made of
the voltage induced in the stator that 1s indicative of the
angular position of the stator voltage vector. A measurement
1s made of the voltage produced by the simulation circuit
that 1s 1indicative of the simulated stator voltage vector. The
angular difference between the measured angular position of
the stator voltage vector and the measured angular position
of the simulated stator voltage vector 1s determined. The
count of the counter 1s changed until the difference between
the measured angular position and the angular position of
the simulated stator voltage vector agree. If the assumed
rotor angle as represented by the count in the counter is
incorrect, an angular difference will be computed. This
angular difference 1s used to correct the counter to bring the
angle stored therein mto agreement with the actual angle.
When that occurs, the initial rotor angle 1s known, and the
motor 1s then ready for starting.

Other techniques that have been used for determining
rotor position include use of an absolute position sensor,
such as an absolute encoder or resolver, and Hall-effect
sensors. However, all of the foregoing prior art techniques
have disadvantages relating to measurement reliability and
precision, size and cost, especially in small motor packages
such as those found 1n hard disk drives, for example.

Since there are so many disadvantages involved 1n using,
position sensors such as Hall-effect sensors, many different
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solutions to 1ndirect position detection not requiring sensors
have been developed. In particular, U.S. Pat. Nos. 5,001,405
and 4,992,710, both of which are assigned to the assignee
hereof, describe techniques for determining rotor position at
start without using encoders, resolvers or Hall-effect sen-
sors. Current pulses are injected into different motor phases,
taken alone or in a combination of two phases. Each phase
or pair of phases 1s energized by two pulses of opposite
polarity. The sign of the difference between the individual
voltages 1s detected and each mmduced voltage 1s measured
after a predetermined time, T. After a succession of these
tests are performed, a table of results 1s provided for
determining the position of the rotor with respect to the
motor phases. Thus, the correct polarity for reliably starting
the motor 1n the proper direction 1s determined.

Once rotor starting position 1s reliably and accurately
determined 1n such motors, rotor torque 1s produced by

sequentially applying current to the stator or field windings.

In US. Pat. No. 5,117,165, assigned to the assignee
hereof, torque 1n the rotor 1s developed by applying long
duration current pulses to a combination of motor phases
based on rotor position. The duration of the pulses produce
sustained torque. The alternating sequences of determining
instantaneous rotor position and applying long duration
current pulses to selected phases continues until the motor
has reached medium speed. Once the rotor begins to turn, the
back emf induced in the windings thereby may be measured
to detect the commutation points and control 1ts rotational
speed. In U.S. Pat. No. 5,245,256, also assigned to the
assignee hereof, a system for rotor speed control without the
use ol conventional rotor position location devices 1s
described. The speed of the motor 1s determined using the
back emf zero-crossings, measured only on complete rotor
revolutions. The desired nominal speed i1s monitored by
comparing the measured speed with the desired speed, and
adjusting motor current accordingly.

The present inventor, John C. Dunfield, holds U.S. Pat.
Nos. 5,028,852 and 5,254,914, also assigned to the assignee
of the present invention. The 852 patent teaches using a
time differential method to measure motor position. Current
pulses are 1njected into different motor phases, taken alone
or 1n a combination of two phases. Each phase or pair of
phases 1s energized by two pulses of opposite polarity. The
time that 1t takes each of the current pulses to reach a
predetermined threshold level 1s measured. The times are
compared 1n a comparator. If the negative current takes the
longer time to reach the predetermined threshold level, then
the result 1s indicated as a negative sign. Conversely, if the
positive current takes the longer time to reach the predeter-
mined threshold level, then the result 1s indicated as a
positive sign. After a succession of these test 1s performed,
a table of results 1s provided for determining the position of
the rotor with respect to the motor phases. Thus, the correct
polarity for reliably starting the motor in the proper direction
1s determined.

The "914 patent 1s similar to the 852 patent, except that
it measures the induced voltage 1n a non-energized winding.
Thus, rotor position 1s detected by using a mutual inductance
method. The present invention 1s an extension of 1nventions

disclosed 1n both of the 852 and 914 patents.
DISCLOSURE OF INVENTION

For measuring the starting rotor position of a brushless
DC motor according to the present invention, there 1is
provided a microprocessor-controlled-circuit for applying
short pulses to a motor whose rotor position 1s to be
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determined. The motor winding 1s of the Y or star
coniliguration, and the pulse 1s applied by an driver circuit
through two of the windings or phases while the motor 1s
stationary and otherwise turned off.

Sequentially, measurements are made on each of the three
sets of phases: A-B, B-C, and A-C. The pulse 1s applied

twice to each phase, once with a positive polarity and once
with a negative polarity. As described in U.S. Pat. No.
5,028,852, and 1n U.S. Pat. No. 5,254,914, the purpose 1s to
measure the inductance of the windings by measuring the
rise time of the current injected into the windings. The

inductance 1s a function of the rotor position. The positive
and negative rise times are subtracted from each other to
determine whether the positive or negative polarity current
rise time was greater. Based upon the differences 1n the
readings for all of the phases, the rotor position of the motor
is known. For example, if Atl is negative (or a binary zero),
At2 is positive (or a binary one), and At3 1s positive (or a
binary one), then the rotor position in electrical degrees is
60+30 degrees. However, there are positions 1n which the
measurement of rise times or the difference between the
measured rise times 1s ambiguous, or so negligible as to be
ambiguous.

In accordance with the principles of the present invention,
there are at least two methods to resolve the amblgumes 1n
the rise time measurements and the difference and the sign
of the difference between the measured rise times by exten-

sion of the teachings in U.S. Pat. No. 5,028,852 and m U.S.
Pat. No. 5,254,914.

Method 1: The location of small difference 1n rise time,

., At3<X is accompanied by a large magnitude (i.e.,
unsaturated inductance) time to threshold. Therefore, if
Atn<X, then check that tn+ or tn— has a large value>Y. It
these conditions are met, then the location 1s at a particular
position (1.e., 30 degrees electrical) has been confirmed,
rather than an anomaly or noise condition, and the optimum
phase condition can be commanded, 1.¢., “110”. Therefore,
the combination of the sign of the rise time difference or its
absence plus the magnitude of a rise time can be used to
further qualify the position to determine the position and the
appropriate phase condition for starting. The use of the
magnitude of the sign difference plus magnitude of the rise
fime can also be used to quantily position within several
degrees. Thus, optimum starting initial position phase or
command, plus subsequent “open” loop timing phase
advances are possible until zero back emf crossings are
reliably detected.

Method 2: Another way to quantify position 1s to resolve
a position uncertainty by changing the effective rotor posi-
tion. This can be done by pulsing all three phases actively.
Instead of leaving a phase open during pulsing, 1t can either
be tied high or tied low. When the third lead has been tied
high or low, 1t has been found that, with a given motor, there
1s an approximate 7.5 degree electrical shift in the small rise
time difference condition. Therefore, ambiguities in sign of
difference AX can be resolved by retest with the extra lead
tied either high or low. Mapping of the motor position in this
way precisely defines the starting position to within several
clectrical degrees.

Once rotor starting position 1s reliably and accurately
determined 1 such motors, rotor torque 1s produced by
sequentially applying long duration current pulses to the
stator or field windings. The duration of the pulses produce
sustained torque. The alternating sequences of determining
instantaneous rotor position and applying long duration
current pulses to selected phases continues until the motor
has reached medium speed.
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Once the rotor begins to turn, the back emf induced 1n the
windings 1s measured to detect the instantaneous rotor
position and control its rotational speed. The speed of the
motor 15 determined using the back emif zero-crossings,
measured only on complete rotor revolutions. The desired
speed 1s monitored by comparing the measured speed with
the desired speed, and adjusting the current applied to the
motor windings accordingly.

Notably, while rotor rotation requires sequential pulsing,
mapping the initial position of the rotor may be achieved
with either a sequential or an arbitrary order of pulsing in
accordance with the present invention.

Other features of the present mvention are disclosed or
apparent 1n the section enfitled: “BEST MODE FOR CAR-
RYING OUT THE PRESENT INVENTION.”

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the present mmvention, ref-
erence 15 made to the accompanying drawings 1n the fol-
lowing detailed description of the Best Mode of Carrying
Out the Present Invention. In the drawing:

FIG. 1. 1s a schematic drawing of a typical drive system
for a brushless DC motor.

FIG. 2 1s a schematic drawing illustrating a position
detection system disclosed 1n U.S. Pat. No. 5,028,852,

FIG. 3 1s a schematic representation of the phases of the
motor of FIGS. 1 and 2, illustrating a test current flowing
through phases A and B, while phase C 1s open circuited.

FIG. 4 1s a schematic representation of the phases of the

motor of FIGS. 1 and 2, illustrating a test current flowing
through phases A and B, while phase C 1s tied high.

FIG. 5 1s a schematic representation of the phases of the
motor of FIGS. 1 and 2, illustrating a test current flowing
through phases A and B, while phase C 1s tied low.

FIG. 6 1s a graph of the phase B-C rise time difference
with phase A open (floating), with phase A tied high, and

with phase A tied low (ground).

FIG. 7 1s a graph of the phase B-C rise time for positive
current direction and for negative current direction, with
phase A open, tied high, and tied low.

FIG. 8 1s a graph of the phase A-C rise time difl

erence
with phase B open (floating), with phase B tied high, and
with phase B tied low (ground).

FIG. 9 1s a graph of the phase A-C rise time for positive
current direction and for negative current direction, with
phase B open, tied high, and tied low.

FIG. 10 1s a graph of the phase A-B rise time difference
with phase C open (floating), with phase C tied high, and

with phase C tied low (ground).

FIG. 11 1s a graph of the phase A-B rise time for positive
current direction and for negative current direction, with
phase C open, tied high, and tied low.

FIG. 12 1s similar to FIG. 11, except that FIG. 12 1s plotted
from zero to ninety degrees.

FIG. 13 1s similar to FIG. 10, except that FIG. 13 1s plotted
from zero to ninety degrees.

FIG. 14 1s a flow chart summarizing the rotor position
detection and start up process of the present invention for the
version employmg the magmtude of the sign difference plus
the magnitude of the rise time.

FIG. 15 1s a flow chart summarizing the rotor position
detection and start up process of the present invention for the
version employing the shifting of the effective rotor position
by tieing the third phase high or low.
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Reference numbers refer to the same or equivalent parts
of the present invention throughout the figures of the draw-
ng.

BEST MODE FOR CARRYING OUT THE
PRESENT INVENTION

Referring now to FIG. 1, there 1s illustrated a typical
driver 10 for a brushless DC motor 11. By way of example,
the present invention 1s useful in a motor such as that shown
m U.S. Pat. No. No. 4,858,044. However, 1t should be
understood that the principles of the present invention are
applicable to any type of motor having an excitation flux
created by a permanent magnet or by DC current excitation
of a winding.

The tunction of the driver 10 1s to apply current to the
correct windings of the brushless DC motor 11, 1n the correct
direction, at the correct time. This process 1s called
commutation, since 1t corresponds to the action performed
by the commutator and brushes in a brush-type DC motor.
In the driver 10, semiconductor switching elements such as
transistors, thyristors, or the like, are sequentially turned on
and off to continuously generate torque in the brushless DC
motor 11. Such drivers are well known 1n the art, and 1n
order to avoid confusion while enabling those skilled in the
art to practice the 1invention, details related to the driver 10
are omitted 1n this specification.

The driver 10 requires position information from the
brushless DC motor 11 for the commutation points (four
points per electrical period). In conventional systems, the
position 1nformation may be obtained from Hall-effect
sensors, for example. When the motor 11 1s running, back
emf (electromotive force) zero crossing points which cor-
respond to the commutation points can be detected. If the
position of the rotor at rest 1s not known, the motor 11 may
start 1n the wrong direction when power 1s first applied. This
may not matter for many applications, but 1n applications
such as driving the spindle motor 1n a disk drive, starting in
the 1ncorrect direction 1s not acceptable.

FIG. 2 illustrates generally the operation of the position
detection system that 1s taught 1n U.S. Pat. No. 5,028,852
and 1n U.S. Pat. No. 5,254,914. The position detection
system of FIG. 2 comprises a circuit controlled by a micro-
processor 12. A pulse generator 13 injects (by way of the
driver 10) short current pulses in different phases of the
motor 11, each phase or pair of phases being energized first
by a pulse of one polarity, and then by a pulse of the opposite
polarity. The excitation current 1s converted to a voltage as
it passes through a sense resistor 14. The voltage 1s filtered
to remove noise by a filter 15. The voltage 1s applied to a
comparator 16 which has a reference voltage applied at
another terminal 17. The current 1s supplied to each phase of
the motor 11 until the voltage across the sense resistor 14
becomes larger than the reference voltage applied at termi-
nal 17 of the comparator 16.

The time required for the injected current in each phase to
reach a predetermined magnitude 1s measured.

The sign and magnitude of the time difference between
the rise times of the two pulses 1njected 1nto the same phase
or pair of phases 1s then detected. Based on the determina-
tion of the sign of the time difference, the direction of the
excitation flux, and consequently, the motor position at
standstill 1s thus determined.

By performing a succession of these tests on ditferent
phases or pairs of phases of the standing motor, a table of the
sign of the differences 1s established which clearly defines
the position of the rotor relative to the motor phases. The
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6

same table then defines what polarity currents should be
applied to each phase to reliably and certainly start the motor
in the proper direction. See Table I, below.

TABLE 1
Rotor Position 1n Sign of Phase Fxcitation
Electrical Degrees Atl  At2 At3 01 02 03
0+ 30 0 1 0 1 0 0
60 + 30 0 1 ] 1 ] 0
120 + 30 0 0 ] 0 ] 0
180 + 30 ] 0 1 0 1 ]
240 + 30 0 0 0 0
300 + 30 1 0 1 0

There are rotor positions in which the sign of the differ-
ence 1s negligible or not determinable, or in which the
magnitude of the rise times or the difference between them
1s small and corrupted by noise. Then the “sign” 1s simply
not known at all positions. In fact, U.S. Pat. No. 5,028,852
describes an adaptive technique to drive the saturation levels
higher until a sign 1s determined. U.S. Pat. No. 5,254,914
similarly indicates that if the magnitude of the time ditfer-
ence for any one of the phases indicates that the position
may be erroneous, the state selection process will be 1nhib-

ited and the position detection process will be repeated using
a different reference level. U.S. Pat. No. 5,028,852 and
5,254,914 are mcorporated herewith by reference as it fully
set forth herein. Moreover, the system disclosed may not
determine the correct sign 1if the signal 1s small and suscep-
tible to noise corruption. If a variable reference source 1s
used, the threshold level may be raised to create a larger time
difference and increase the confidence 1n the measurement.
However, the addition of a magnitude analyzer and variable
threshold circuitry increases the complexity of the system.

The present invention provides new solutions for deter-
mining rotor position when the sign of the difference 1n rise
fimes 1s ambiguous, or 1n which the magnitude of the rise
fimes 1s negligible or so corrupted by noise as to be
ambiguous, where the present invention does not necessitate
the need to vary threshold of an mmduced voltage level in
order to resolve ambiguities.

Referring now to FIG. 3, taken in conjunction with FIGS.
1 and 2 and the conventional measurement as described 1n
U.S. Pat. No. 5,028,852 and in U.S. Pat. No. 5,254,914,
short duration current pulses are applied to motor 11 while
at rest by driver 10. The current pulses are long enough to
provide accurate measurement, but short enough so that the
rotor remains at rest. Moreover, 1n the present invention, the
positive and negative pulses are approximately equal in
magnitude and duration and applied so close 1n time to the
same phase or combination of phases that they effectively
cancel each other. Since effectively no net energy 1s applied
to the phases, no torque 1s developed and the rotor does not
rotate.

As shown 1n FIG. 3, phase A and phase B are conducting.
The comparator 16 1s tripped, and the elapsed time and
current magnitude written to memory. The current 1s set to
zero. The polarity 1s reversed and the current 1s again
increased until the comparator 16 i1s tripped again. The
clapsed time and current magnitude 1s again written to
memory. The other combinations, phase A and phase C, and
phase B and phase C, are then measured in the same manner
for a total of six readings. It should be noted that the
sequence of pulses applied to the windings 1s arbitrary, there
being no particular sequence required according to the
principles of the present invention.
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Based upon the differences in readings, the state of the
motor 11 1s known as far as rotor position 1s concerned.
Accordingly, a starting combination of currents to start the
motor in a positive direction 1s determined. (See Table I).
For example, if Atl is negative (or a binary zero), At2 is
positive (or a binary one), and At3 is positive (or a binary
one), then the rotor position in electrical degrees is 60+30
degrees. However, there are positions in which the ditfer-
ence 1s zero or negligible.

In accordance with the principles of the present invention,
when there are ambiguities 1n the sign of the difference, the
rotor position may be determined by using the magnitude of
the (inductance) time if the difference in rise time 1s small.
Some rotor positions have a “large time” associated with
them, and some positions have a “small time” associated
with them. With a combined knowledge of the rise time
difference too small and the magnitude of the time, 1t 1s
possible to 1dentity the rotor position, and hence, the correct
starting phase combination.

The location of small difference 1n rise time, 1.e., At3<X
is accompanied by a large magnitude (1.e., unsaturated
inductance) time to threshold. Therefore, if Atn<X, then
check that tn+ or tn- has a large value>Y. If these conditions
are met, then the location is at a particular position (i.e., 30
degrees electrical) has been confirmed, rather than an
anomaly or noise condition, and the optimum phase condi-
tion can be commanded, 1.e., “110”. Therefore, the combi-
nation of the sign of the rise time difference or its absence
plus the magnitude of the rise time can be used to further
qualily the position to determine the position and the appro-
priate phase condition for starting. The use of the magnitude
of the sign difference plus magnitude of the rise time can
also be used to quantify position within several degrees.
Thus, optimum starting 1nitial position phase or command,
plus subsequent “open” loop timing phase advances are
possible until zero back emf crossings are reliably detected.
Accordingly, where T 1s the rise time, the magnitude of T
(inductance) and AT (inductance) difference are used in
combination with a look up table to qualify an uncertain or
ambiguous rotor position. As positive and negative polarity
pulsing will result 1n one or more positive and negative rise
fime pairs, 1t should be understood that 1t 1s preferable to use
the larger magnitude, if one exists (e.g., for /tn+/=/tn—/ and
both greater than Y, use the larger of the two magnitudes),
to resolve ambiguity.

There 1s another way to quantify position to resolve a
position uncertainty by changing the effective rotor position.
Ordinarily, when the pulse 1s applied to the phases of the
motor, as shown at C in FIG. 3, one of the phases 1s open,
or not connected, while two phases (A and B) are conduct-
ing. It 1s a feature of the present invention that if the third
phase 1s tied high or tied low during the application of the
pulse, the effective position of the equivalent phase 1s shifted
so that what was originally a “null inductance difference” 1s
changed.

Referring now to FIG. 4, the third or C winding 1s shown
tied high. FIG. § shows the third or C winding tied low.
FIGS. 6 through 13 show graphs having motor electrical
angle 1n degrees along the abscissa, and time or time
difference 1n microseconds along the ordinate. These graphs
were made from data measured on a Kiowa motor for
various phases, and for third phase open, tied high, and tied
low. These graphs illustrate that a null of AT is shifted by
cither tieing the third lead high or low. Accordingly, a look
up table may be used 1n conjunction with known data from
table I to decode the new electrical position if there is
uncertainty about the start position.

[
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In operation, the way 1n which the novel technique of the
present mvention works 1s as follows. If the magnitude of
the difference of the time obtained with the positive polarity
pulse and the time obtained with the negative polarity pulse
1s small, or less than a predetermined value, a test i1s first
made with the third phase open. For a particular 8-pole
motor, we have the following data: for phase B-C, 1t 1s seen
from FIGS. 6 through 13 that the null occurs at about 37
degrees. Also, 1t 1s seen from FIGS. 6 through 13 that the
magnitude of the inductance is high (i. €., unsaturated or low
saturation condition). Now, if the phase A-B (phase C open)
results are checked, it 1s seen that a positive rise time
indicator much greater than a negative rise time indicator
(+ve>>-ve) results, where +ve is greater than —ve by more
than a threshold value of E). For this embodiment, E was set
at 20 microseconds. Similarly, for exciting phase A-B (phase
C open), the null position for a 8 pole motor is about 23
degrees where +ve >>-ve at 23 degrees (more than the same

threshold value E).

For an 8-pole motor, the graphs of FIGS. 6 through 13
also show the shifting of the null by about 7.5 degrees by
either tieing the third connection high or low. The shifting of
the null 1llustrates how the ambiguity 1s eliminated. This can
be done by pulsing all three phases actively. Instead of
leaving a phase open during pulsing, it can either be tied
high or tied low. When the third lead has been tied high or
low, 1t has been found that, with a given motor, there 1s an
approximate 7.5 degree electrical shift in the small rise time
difference condition. Therefore, ambiguities in sign of dif-
ference AX can be resolved by retest with the extra lead tied
cither high or low. Mapping of the motor position in this way
precisely defines the starting position to within several
clectrical degrees.

Referring now to FIGS. 14 and 15, there are shown flow
charts summarizing the rotor position detection and start-up
process of the present 1nvention. Referring now to FIG. 14,
the motor 11 1s at a standstill at start 100 1n the flow chart.
Both the threshold level I and the phase counter are 1nitial-
ized at blocks 101 and 103. Phase n (or a combination of
phases n) is driven with a short positive current pulse at
block 105. The time duration for the pulse to rise from zero
to the threshold level I 1s measured 1n block 107 as t+. The
same phase 1s then pulsed with a short negative current pulse
in block 109 and the rise time 1s again measured 1n block 111
as t—. In block 113, the magnitude of the rise time of the
negative pulse t+ 1s subtracted from the magnitude of the rise
time of the positive pulse t+. The result 1s At, the time
difference between the rise times.

The sign of At 1s stored in memory at step 119. At step
121, 1t 1s determined 1f all of the phases m have been tested.
If not, the phase number 1s incremented by one 1n step 123,
and the process repeats at step 105 by pulsing the next phase.
If all of the phases have been tested, 1.e., 1f n equals m, then
the stored values of the sign of the time differences are
accessed and used to determine the position of the rotor at
step 125 1f there 1s no ambiguity at step 132. A look up table,
as previously described, 1s used to determine which phases
must be energized to accurately start the motor 1n the correct
direction. The motor 1s started 1n step 127.

In accordance with the present invention, if there 1s
ambiguity 1n the sign of the time difference, that 1s, if the
time difference 1s zero or negligible, then the rotor position
may be determined by using the magnitude of the time.
Referring again to FIG. 14, block 130 indicates that if At 1s
smaller than X, and t+ or t— has a large value>Y, then the
magnitude of the time tn 1s stored. Typically X and Y are set
at values each representing approximately 20% of the lower
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range of possible values. At step 132, it there 1s an
ambiguity, then at block 134, the process recalls the sign or
its absence plus the magnitude of the time, and chooses the

phase combination to energize the motor. The motor 1s
started 1n step 127.

In accordance with another feature of the present
invention, if there 1s ambiguity in the sign of the time
difference, that 1s, if the time difference 1s zero or negligible,
then the effective electrical position may be changed by
approximately 7.5 degrees, for example, by tieing the usu-
ally open phase either high or low.

Referring now to FIG. 15, block 150 indicates that if there
1s an ambiguity 1n At, then as shown 1n block 152, the third
phase 1s tied high or tied low, and the phases are retested
(i.c., n set equal to one again at step 153). When the third
lead 1s tied high or low, there 1s an approximate 7.5 degree
clectrical shift in the small rise time difference condition.
Mapping of the motor position 1n this way precisely defines
the starting position to within several electrical degrees.
Therefore, ambiguities in the sign of the difference in the
rise times can be resolved by retest with the extra lead tied
cither high or low. Notably, if there 1s not an ambiguity at
step 150, the process goes directly to step 119.

Referring to FIGS. 14 and 15 1n combination, while it 1s
shown that positive (step 105) then negative (step 109)
current 1s applied and then respectively measuring rise time
(steps 107 and 111), it should be understood that the order
may be reversed. In other words, negative then positive
current may be applied. Moreover, all phases may be first
pulsed with one polarity, and then all phases may again be
pulsed but this time with an opposite polarity. Therefore, in
the generalized case, step 200 indicates that all n phases are
pulsed 1n any order with positive and negative polarity
current, where each application of current i1s measured for
rise time to a predetermined threshold.

It should be understood that the present invention may be
employed to determine the duration of pulse needed to be
applied prior to switching polarity. As the present invention
may be used to precisely locate rotor position, distance from
first commutation location will also be known. Thus, the
polarity and the duration of a first pulse for starting the
motor and moving the rotor up to a first commutation
location may be determined 1n accordance with the present
invention. While this has been explained 1n terms of a first
commutation location, 1t will be appreciated by those of
ordinary skill in the art that pulse polarity and duration may
be determined for each first commutation location corre-

sponding to each phase of a motor.

In the present invention, virtually all ambiguity regarding,
rotor position 1s accurately and reliably resolved. While
unlikely, it 1s possible to still have an ambiguity after using,
the sign of the rise time difference and a magnitude of one
of the rise times. If so, such ambiguity may be further
resolved by tying high or low.

Once rotor starting position 1s reliably and accurately
determined, the motor i1s then ready to be started and
accelerated to medium speed. Referring to FIGS. 14 and 15,
step 140 corresponds to driving the motor 11 from stand-still
to medium speed without the use of known rotor position
detectors such as Hall Effect devices as described in
“Closed-Loop Control of A Brushless D.C. Motor From A
Standstill To Medium Speed”, U.S. Pat. No. 5,117,165
which 1s incorporated by reference as if fully set forth
herein. The system described therein 1s intended to be
exemplary of such a system and forms a part of the present
mvention. As described, a select combination of motor
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phases are supplied with long duration current pulses based
upon the rotor position. These pulses are applied for a
predetermined duration 1n order to produce a sustained
torque. Ideally, the sustained torque rotates the rotor to a new
position.

The system shown i FIGS. 7 and 8 of the referenced
patent determines 1f the motor has been accelerated via
repetition of the position detection method. From the posi-
fion information, a select combination of phases may be
energized with long duration current pulses to further accel-
crate the rotor. The duration of the energizing pulses is
reduced by a fixed amount after each sequence of rotor
position location and acceleration current application. In
controlling the acceleration, the system determines the dura-
tion during which torque producing currents in a given
combination are applied to the motor phases. If the position
detection system responds with a position which is the same
as the previous determination, the duration of the applied
torque producing current pulse 1s not decremented. This
process of rotor position detection and corresponding cur-
rent application for an adaptive time period 1s sequentially
repeated until the motor has reached a medium speed.

However, 1n some cases of high motor friction, 1t 1s
possible that the motor will not reach medium speed. As a
security feature, a counter will count the number of
sequences effectuated. If the counter reaches a predeter-
mined value, the back emf acceleration control system 1s
activated 1n an attempt to synchronize on the back emf signal
even though 1ts amplitude will be very small due to the
motor’s slow speed.

The major advantage of this approach 1s that no outside
device 1s necessary to measure the speed. A completely
sensorless approach i1s used. Furthermore, in the case of
large motor friction which is dependent speed (for example,
the friction due to the read/write heads on a hard disc), the
present 1nvention will adapt to the friction variation.

FIGS. 6A and 6B of the referenced patent depict, in flow
chart form, the complete algorithm of the systems of FIGS.
7 and 8 thereof, which can be ecasily implemented 1n a
MICrOProcessor.

After the motor attains medium speed, it 1s accelerated to
and maintained at nominal speed. With continuing reference
to FIGS. 14 and 15, step 142 corresponds to controlling the
speed of a brushless DC motor as described 1n “Closed Loop
Control Of A Brushless DC Motor At Nominal Speed,” U.S.
Pat. No. 5,245,256, which 1s incorporated by reference as it
fully set forth herein. Here, the speed of the motor is
determined using the back emf zero-crossings, measured
only on complete rotor revolutions without the use of
conventional rotor position location devices 1s described.
The desired speed 1s monitored by comparing the measured
speed with the desired speed, and adjusting motor current
accordingly. A block diagram of a highly accurate control
system for accelerating a brushless DC motor from medium
speed to nominal speed and then maintain a constant nomi-
nal speed 1s provided 1n FIG. 3 of the referenced patent.
FIGS. 7A to 7H of the referenced patent comprise a detailed
flow diagram of the operation of the control system of FIG.
3 thereof. The acceleration and nominal speed control sys-
tem described therein 1s intended to be exemplary of such a
system and forms a part of the present invention.

The present invention has been particularly shown and
described with respect to a preferred embodiment and fea-
tures thereol. However, 1t should be readily apparent to those
of ordinary skill 1n the art that various changes and modi-
fications 1n form and detail may be made without departing
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from the spirit and scope of the invention as set forth 1n the
appended claims. In particular, the present i1nvention i1s
applicable to any brushless DC motor 1n which excitation
flux 1s created by permanent magnet and by stator current
excitation of a winding. The invention illustratively dis-
closed herein may be practiced without any element which
1s not specifically disclosed herein.
What 1s claimed 1s:

1. In a brushless DC motor having n phases corresponding
to phase windings arranged as a stator and a rotor for n an
integer greater than zero, a method for starting the motor 1n
a predetermined direction of rotation of the rotor, the method
comprising the steps of:

initializing a threshold induced voltage level;
mapping electrical position of the rotor including the steps

of:

pulsing a phase of the n phases with positive current to
provide positively induced voltage without apprecia-
bly altering the electrical position of the rotor and to

provide a positively pulsed phase;

measuring a first rise time for the positively induced
voltage for the positively pulsed phase to reach the
threshold induced voltage level;

again pulsing the phase of the n phases but this time
with negative current to provide negatively induced
voltage without appreciably altering the electrical
position of the rotor and to provide a negatively
pulsed phase;

measuring a second rise time for the negatively induced
voltage for the negatively pulsed phase to reach the
threshold induced voltage level;

determining a difference between the first and the
second rise time as measured 1n each of the measur-
ing steps;

determining and storing any sign of the difference;

determining 1if the difference 1s too small to resolve the
clectrical position of the rotor;

determining and storing, if the difference 1s too small to
resolve the electrical position of the rotor, a magni-
tude of one of the first and the second rise time
assoclated with the difference; and

repeating the steps comprising the step of mapping
until each of the n phases 1s processed;

determining, based on the difference for each of the n
phases, whether the electrical position of the rotor 1s
ambiguous; and

recalling and comparing the sign of the difference plus the
magnitude of an associated one of the first and the
second rise time, 1f the electrical position 1s ambiguous,
with predetermined stored motor electrical position
information to energize at least one of the n phases to
start the motor 1n the predetermined direction of rota-
tion.

2. The method of claim 1 further comprising the step of:

accelerating the motor to revolve at a medium speed.
3. The method of claim 2 further comprising the steps of:

accelerating the rotor from the medium speed to revolve
at a nominal speed; and

maintaining the rotor revolving at the nominal speed.

4. The method of claim 3 wherein n 1s equal to three.

5. In a brushless DC motor having n phases corresponding
to phase windings arranged as a stator and a rotor for n an
integer greater than zero, a method for determining an 1itial
position of the rotor, the method comprising the steps of:

initializing a threshold induced voltage level;

mapping electrical position of the rotor including the steps
of:
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pulsing each phase of the n phases with a first polarity
current to provide first polarity induced voltages
without appreciably altering the electrical position of
the rotor and to provide first polarity pulsed phases;

measuring a first set of rise times for each of the first
polarity induced voltages for a one-to-one corre-
spondence with each of the first polarity pulsed
phases to reach the threshold induced voltage level;

pulsing each said phase of the n phases with a second
polarity current to provide second polarity induced
voltages without appreciably altering electrical posi-
tion of the rotor and to provide second polarity
pulsed phases;

measuring a second set of rise times for each of the
second polarity mmduced voltages for a one-to-one
correspondence with each of the second polarity
pulsed phases to reach the threshold induced voltage
level;

determining a set of differences between the {first set
and the second set of rise times as measured 1n each
of the measuring steps;

determining and storing any signs of all differences in
the set of differences;

determining which if any said differences are too small
to resolve the electrical position of the rotor;

determining and storing, for each of the differences
which 1s too small to resolve the electrical position of
the rotor, a magnitude of related rise time 1n one of
the first set and the second set of rise times; and

determining, based on each of the differences for each
of the n phases, whether the electrical position of the
rotor 1s ambiguous; and

recalling and comparing each of the signs of each of the
differences plus each said magnitude, if the electrical
position 1s ambiguous, with predetermined stored
motor electrical position information to determine the
initial position of the rotor.

6. The method of claim 5 further comprising the step of:

determining a duration and a polarity of at least one pulse
for starting the motor 1n the predetermined direction of
rotation, the duration of said pulse sufficient for moving
the rotor up to but not passed an initially encountered
commutation region.

7. The method of claim 6 further comprising the step of:

accelerating the motor to revolve at a medium speed.
8. The method of claim 7 further comprising the steps of:

accelerating the rotor from the medium speed to revolve
at a nominal speed; and

maintaining the rotor revolving at the nominal speed.

9. The method of claim 8 wherein n 1s equal to three.

10. The method of claim 8 wherein the first polarity
current 1s negative polarity direct current, and the second
polarity current 1s positive polarity direct current.

11. The method of claim 8 wherein the first polarity
current 1s positive polarity direct current and the second
polarity current 1s negative polarity direct current.

12. In a brushless DC motor having multiple phase
windings and having a rotor, a method of determining rotor
position by measuring rise times of the windings when sign
polarity of the difference 1n rise times 1s ambiguous, or 1n
which the magnitude of the rise times i1s negligible or so
corrupted by noise as to be ambiguous, said method com-
prising:

selectively establishing current paths through at least one
selected windings of the phase windings in response to
control signals and for successively applying short
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duration current pulses of opposite polarities to each
said selected phase winding to provide at least one
energized winding;

detecting each voltage produced by the energized winding,
in response to each of said applied current pulses of
opposite polarities;

determining and storing a magnitude for each rise time of

cach of said responses to said current pulses from zero
amplitude to a fixed reference level;

subtracting each rise time of each of said responses to said
current pulses one from the other to provide at least one
rise time difference;

determining and storing at least one magnitude of said rise
time;

determining whether each rise time difference 1s positive,
negative or zero;

determining a starting combination of currents to start the
motor 1n a predetermined desired direction by use of a
table based upon sign polarity of said rise time differ-
ences for different ones of said phase windings, when
said rise time difference 1s not zero or negligible;

determining, when said rise time difference 1s zero or

negligible, a starting combination of currents to start

the motor 1n said predetermined desired direction by

use of a table based upon the combination of the sign

polarity of the rise time difference and the magnitude of

the rise time of the responses to said pulses applied to

said selected winding, some rotor positions having a

large rise time associated with them, and some rotor

positions having a small rise time associated with them.

13. In a brushless DC motor having phase windings and

a rotor, a method of determining rotor position, said method
comprising:

selectively establishing current paths through at least one
selected windings of the phase windings for succes-
sively applying short duration current pulses of oppo-
site polarities to each said selected phase winding to
provide at least one energized winding;

detecting each voltage produced by the energized winding
in response to each of said applied current pulses of
opposite polarities;

determining and storing a magnitude for each rise time of

cach of said responses to said current pulses from zero
amplitude to a fixed reference level;

subtracting each rise time of each of said responses to said
current pulses one from the other to provide at least one
rise time difference;
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determining and storing at least one magnitude of said rise
time:

determining whether each rise time difference 1s positive,
negative or zero;

determining a starting combination of currents to start the
motor 1n a predetermined desired direction by use of a
table based upon sign polarity of said rise time ditfer-
ences for different ones of said phase windings, when
said rise time difference 1s not zero or negligible;

determining, when said rise time difference 1s zero or
negligible, a starting combination of currents to start
the motor 1n said predetermined desired direction by
use of a table based upon the combination of the sign
polarity of the rise time difference and the magnitude of
the rise time of the responses to said pulses applied to
said selected winding.
14. In a brushless DC motor having phase windings and
a rotor, a method of determining rotor position, said method
comprising:
selectively establishing current paths through at least one
selected windings of the phase windings for succes-
sively applying short duration current pulses of oppo-
site polarities to each said selected phase winding to
provide at least one energized winding;

detecting each voltage produced by the energized winding,
in response to each of said applied current pulses of
opposite polarities;

determining and storing a magnitude for each rise time of

cach of said responses to said current pulses from zero
amplitude to a fixed reference level;

subtracting each rise time of each of said responses to said
current pulses one from the other to provide at least one
rise time difference;

determining and storing at least one magnitude of said rise
time;

determining whether each rise time difference is positive,
negative or zero;

determining, when said rise time difference i1s substan-
tially zero, a starting combination of currents to start
the motor 1n said predetermined desired direction by
use of a table based upon the combination of the
absence of sign polarity and substantially zero rise time
difference for different ones of said phase windings and
the magnitude of the rise time of the responses to said
pulses applied to said selected winding.
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